Root nodule (RN) symbiosis in legumes shares genes involved in the early signaling pathway with more ancient arbuscular mycorrhiza (AM) symbiosis, which is widespread in higher plants. The non-legume homologs of such genes have been well documented to be not only essential for the AM symbiosis in non-legume mycorrhizal plants but also functional in the RN symbiosis in legume plants. In contrast, it has not been investigated in detail whether RN symbiosis-specifi c genes, which are not essential for AM symbiosis, are functionally conserved in non-legumes. Two GRAS-domain transcription factors, NSP1 and NSP2, have been shown to be required for RN symbiosis, but not for AM symbiosis. In this study, we demonstrated that their homologs, OsNSP1 and OsNSP2, from rice are able to fully rescue the RN symbiosis-defective phenotypes of the mutants of corresponding genes in the model legume, Lotus japonicus . Our results indicate that some of the genes essential for RN symbiosis conserve their functions in homologs from non-legumes, which do not nodulate.
Introduction
GRAS-domain transcription factors represent an important plant-specifi c transcription regulator family. The name stands for three family members, GAI (GIBBERELLIC ACID INSENSITIVE), RGA (REPRESSOR of GAI) and SCR (SCARECROW). With bioinformatic analysis, at least 60 and 33 GRAS genes have been identifi ed in rice ( Oryza sativa ) and Arabidopsis thaliana , respectively . GRAS proteins play important roles in diverse biological processes, such as root development, phytohormone signal transduction, and meristem development and maintenance. In legumes, two GRAS proteins, NODULATION SIGNALING PATHWAY 1 (NSP1) and NSP2 have been isolated and characterized as essential and specifi c components for root nodule (RN) symbiosis ( Kaló et al. 2005 , Smit et al. 2005 , Heckmann et al. 2006 .
In recent years, a number of legume proteins have been identifi ed in the model legumes, Lotus japonicus and Medicago truncatula , which are involved in RN and/or arbuscular mycorrhiza (AM) symbioses. In L. japonicus , the perception of the symbiotic signal molecules, Nod factors, from rhizobia is mediated by two LysM receptor-like kinases, NFR1 and NFR5. Both proteins are required for the host plant to initiate infection of rhizobia and nodule organogenesis . Downstream of the receptors, the intracellular signal transduction pathway is shared between RN and AM symbioses, and thus termed the 'common symbiosis (sym) pathway' ( Parniske 2008 ) . In the common sym pathway, SYMRK, a leucine-rich repeat receptor-like kinase ( Stracke et al. 2002 ) , CASTOR and POLLUX, ion channels ( Imaizumi-Anraku et al. 2005 ) , and NUP133 and NUP85, nucleoporins ( Kanamori et al. 2006 , Saito et al. 2007 ) have been identifi ed, all of which are required for the induction of calcium spiking, a distinctive physiological response in the common sym pathway. CCaMK, Ca 2 + /calmodulin-dependent kinase, is a putative decoder of calcium signaling ( Tirichine et al. 2006 ) and has been shown to interact with and phosphorylate CYCLOPS ( Yano et al. 2008 ) , which is also a component of the common sym pathway. The common sym pathway is then split into RN and AM symbiosis-specifi c pathways. In the RN symbiosis-specifi c pathway, besides NSP1 and NSP2, NODULE INCEPTION (NIN), a putative transcription factor, is also required for infection of rhizobia in root epidermis as well as for nodule organogenesis in root cortex ( Schauser et al. 1999 ) .
Rice is capable of AM symbiosis. Therefore, it possesses the common sym gene orthologs. To date, rice orthologs of CASTOR, POLLUX, CCaMK and CYCLOPS have been shown genetically to be essential for AM symbiosis in rice, and to be functional as well in RN symbiosis in L. japonicus , Yano et al. 2008 . These results indicate that proteins in the common sym pathway necessary for both symbioses are basically conserved among higher plants that have the ability to establish a symbiosis with mycorrhizal fungi. However, it is not known whether RN symbiosis-specifi c proteins are functionally conserved beyond legume species.
In this study, we focused on RN symbiosis-specifi c GRAS protein homologs from rice, as a representative of non-legume species. Here, we show that rice homologs of NSP1 (OsNSP1) and NSP2 (OsNSP2) fully restore the defects in RN symbiosis of the corresponding L. japonicus nsp1 and nsp2 mutants.
Results

NSP1 and NSP2 homologs in higher plants
Homologs of RN symbiosis-specifi c proteins, NSP1 and NSP2, have been found in a number of non-legumes, such as rice, Nicotiana benthamiana , A. thaliana and Populus trichocarpa . Phylogenetic analysis of NSP1 and NSP2 has revealed that NSP1 has its closest homolog SCL29, and NSP2 has SCL26, in A. thaliana ( Heckmann et al. 2006 ) .
Putative rice homologs of NSP1 and NSP2, OsNSP1 (also called OsHNO) and OsNSP2, have been identifi ed and reported previously ( Heckmann et al. 2006 ). The protein structures predicted for OsNSP1 (LOC_Os03g29480.1) and OsNSP2 (LOC_Os03g15680.1) are summarized in Fig. 1A in comparison with those for the corresponding NSP1 and NSP2 from L. japonicus (LjNSP1 and LjNSP2, respectively). The OsNSP1 open reading frame (ORF) was predicted to be 1,572 bp in length without any introns. It encodes a predicted protein of 523 amino acid residues with 39.9 % identity (69.9 % similarity) to LjNSP1 at the overall amino acid level. The identity of the GRAS domain was 47.6 % (73.4 % similarity), whereas that of the N-terminal region was 19.7 % (57.9 % similarity). The OsNSP2 ORF was predicted to be 1,728 bp long without any introns. It encodes a predicted protein of 575 amino acid residues, showing 47.4 % identity (72.2 % similarity) to LjNSP2 at the overall amino acid level. The identity of the GRAS domain was 53.9 % (76.4 % similarity), whereas that of the N-terminal region was 24.4 % (57.5 % similarity). In addition, there is another NSP2 homolog in rice (LOC_Os11g06180.1). It encodes a predicted protein of 472 amino acid residues, showing 22.0 % identity (27.6 % similarity) to LjNSP2 at the overall amino acid level. Since OsNSP2 is closer to LjNSP2 than the NSP2 homolog (LOC_Os11g06180.1), we did not examine the function of the latter further.
In M. truncatula , NSP1 and NSP2 have been shown to form a complex that is indispensable for RN symbiosis ). Furthermore, the amino acid substitution Ala168Val in the LHRI (leucine heptad repeat I) motif of MtNSP2 protein, which is important for interaction with MtNSP1, severely compromises functional nodule development ). The alanine in the LHRI motif is highly conserved in NSP2 homologs in legumes and non-legumes, except for A. thaliana SCL26 ( Fig. 1B ) . It is thus likely that the NSP1-NSP2 complex has some functions even in non-legumes. 
Cross-complementation of L. japonicus mutants with rice homologs
To examine the interspecifi c relationships of NSP1 and NSP2 between L. japonicus and rice, we transformed rice homologs into the corresponding L. japonicus mutants by Agrobacterium rhizogenes -mediated hairy root transformation. For the cross-complementation analysis, we used mutant lines from L. japonicus B-129 'Gifu', nsp1 (SL1795-4) and nsp2 ( sym70 ), described previously ( Heckmann et al. 2006 . Both mutant lines show typical Nod − phenotypes, i.e. neither infection thread formation nor nodule organogenesis upon inoculation with Mesorhizobium loti .
We introduced cDNAs of NSP1 and NSP2 from Lotus and rice under the control of the caulifl ower mosaic virus (CaMV) 35S promoter into the corresponding nsp1 or nsp2 mutant plants, and the plants were inoculated with M. loti and grown for 4 weeks. The results of symbiotic phenotypes, infection thread formation and nodule development, are shown in Fig. 2 , and the data are summarized in Table 1 . OsNSP1 and OsNSP2 could perfectly suppress symbiotic defects in transgenic hairy roots of nsp1 and nsp2 mutants of L. japonicus , respectively.
Successful infection was confi rmed by inoculation with DsRed ( Discoma sp. red fl uorescent protein)-labeled M. loti ( Maekawa et al. 2009 ). Roots of nsp1 mutant plants carrying OsNSP1 and nsp2 mutant plants carrying OsNSP2 showed root hair deformation and well-developed infection threads with M. loti expressing DsRed ( Fig. 2A-E ) .
The growth phenotypes of nsp1 and nsp2 mutant plants transformed with OsNSP1 and OsNSP2 , respectively, are shown in Fig. 3 . Under symbiotic conditions, nsp1 or nsp2 mutant plants carrying an empty vector displayed nitrogen defi ciency symptoms such as stunted shoot growth, yellowish leaves and anthocyanin accumulation in stems without nodule formation on roots. In contrast, the plants with roots transformed with To confi rm more directly whether the nodules were functional, the nitrogenase activity of mutant nodules transformed with OsNSP1 or OsNSP2 was measured by acetylene reduction assay. The activity was comparable with that of wild-type nodules and mutant nodules transformed with LjNSP1 or LjNSP2 ( Fig. 4 ) . Furthermore, to examine complemented mutant nodule phenotypes in more detail, sections of the nodules were observed by light and transmission electron microscopy ( Fig. 2K-T ) . Light micrographs of mutant nodule sections transformed with OsNSP1 or OsNSP2 showed infected cells fi lled with rhizobia, exactly the same as those transformed with LjNSP1 or LjNSP2 . Electron microscopy revealed that in mutant nodules transformed with OsNSP1 or OsNSP2 , infected cells were fi lled with peribacteroid membrane-enclosed bacteroids (symbiosomes). Most of the symbiosomes in infected mutant nodules transformed with OsNSP1 or OsNSP2 seemed to be identical to those transformed with LjNSP1 and LjNSP2 . These data demonstrate that transgenic nsp1 and nsp2 mutant plants show normal growth and development in the symbiotic condition which ensued from the functional nodules being complemented with OsNSP1 and OsNSP2 , respectively.
Function of rice homologs in rice
Expression of NSP1 and NSP2 in legume species is induced during RN symbiosis ( Kaló et al. 2005 , Heckmann et al. 2006 , Maekawa et al. 2009 ). We performed quantitative reverse transcription-PCR analysis to examine expression of rice NSP1 or NSP2 . Expression of OsNSP1 and OsNSP2 was not detected in any of the tissues tested, including roots, mycorrhizal roots (3 weeks post-inocluation with Glomus intraradices ), shoots, panicles (10 d after heading) and calli (data not shown). To our knowledge, there is no expressed sequence tag (EST) for OsNSP1 and OsNSP2 in the rice genome annotation database ( http://rice.plantbiology.msu.edu/index.shtml ). Furthermore, no signifi cant expression of OsNSP1 and OsNSP2 could be found in the rice array database under various conditions ( http://www.ricearray.org/index.shtml ). In the context of these facts, however, a fragment of OsNSP1 protein has been identifi ed by a proteomic analysis of rice seeds ( Koller et al. 2002 ) . This indicates that at least the OsNSP1 gene is not silent in the rice genome. To date, NSP1 or NSP2 mutant plants in rice have not listed in the database of rice mutants tagged with an endogenous retrotransposon, Tos17 , or T-DNA insertion ( http://rapdb.dna.affrc.go.jp/ ). Therefore, the function of NSP1 and NSP2 in rice remains still elusive.
Homologs of another transcription factor, NIN, in rice
Are NSP1 and NSP2 exceptional with regard to functional conservation in RN symbiosis beyond legumes? Are there any other genes that are required only for RN symbiosis in legumes but are functionally conserved in homologs from non-legumes? We tried to answer this question by introducing the NIN homolog from rice into nin mutant plants of L. japonicus . There are three NIN-like proteins in rice, and OsNLP1 is the closest one ( Schauser et al. 2005 ) . We transformed the nin mutant plants with OsNLP1 cDNA under the control of the L. japonicus native NIN promoter. As a result, OsNLP1 did not rescue abortion of infection in nin mutant plants, whereas L. japonicus NIN did ( Fig. 5 ). It will be interesting to address which domain(s) in NIN are essential for RN symbiosis, e.g. by domain swapping experiments between OsNLP1 and NIN, in order to clarify NIN evolution in the context of RN symbiosis.
Discussion
The cross-species complementation analyses shown here clearly demonstrate that NSP1 and NSP2 are functionally conserved between a legume ( L. japonicus ) and a non-legume (rice). This is the fi rst report showing that RN symbiosis-specifi c gene homologs in a non-legume are fully functional in RN symbiosis of a legume. Heckmann et al. (2006) have shown that NSP1 from N. benthamiana (NbNSP1) is only partially able to complement RN symbiosis in M. truncatula nsp1 mutant plants. Similar phenotypes (incomplete rescue of RN symbiosis) have been observed in M. truncatula mutants of common sym genes when complemented with those genes from rice ( Godfroy et al. 2006 , Chen et al. 2007 , Chen et al. 2009 ). In contrast, L. japonicus mutants are fully complemented in RN symbiosis with common sym genes from rice, except for SYMRK, which has additional extracellular domains in legume species , Markmann et al. 2008 , Yano et al. 2008 ). In addition, in M. truncatula , as well as in Pisum sativum , no symbiotic mutants of CASTOR, NUP85 and NUP133 have been reported so far. A possible interpretation of these confl icting results between L. japonicus and M. truncatula is that M. truncatula , and probably the legume species such as Vicia and Pisum , all of which belong to the Inverted Repeat Loss Clade ( Doyle et al. 1997 , Sprent 2007 , are 'sophisticated' in RN symbiosis so that the genes involved in the RN symbiosis have specifi cally evolved. This idea is consistent with the fact that nodule-specifi c cysteine-rich peptides in M. truncatula , which are required for terminal differentiation of rhizobia into bacteroids in the nodules, are completely absent in L. japonicus ( Van de Velde et al. 2010 ) . The bacteroids in the nodules of non-galegoid legumes such as L. japonicus appear to be less differentiated than those in galegoid legumes such as M. truncatula . The undifferentiated (non-swollen) status of rhizobia inside the nodules is a characteristic of ancestral legume species ( Oono et al. 2010 ) . Taken together, it is likely that M. truncatula is evolutionarily more distant from nonlegumes than L. japonicus .
Because RN symbiosis with rhizobia is observed only in legume species (with an exception in Parasponia ), it is surprising for us to fi nd that homologs in rice, the monocot species phylogenetically far distant from legume species, are fully functional in RN symbiosis in legumes. Common sym genes, required for both RN and AM symbioses, are functionally conserved in rice ( Chen et al. 2007 , Chen et al. 2008 , Yano et al. 2008 , Chen et al. 2009 ). This is due to the fact that rice is an AM plant. It is intriguing to hypothesize that NSP1 and NSP2 are also required for AM symbiosis and that they are mutually redundant in their function(s) in AM symbiosis. Since phenotype characterization of RN and AM symbioses in the model legumes has been carried out for the plants with a single loss-of-function mutation of either NSP1 or NSP2 , creation and analysis of the double mutant nsp1nsp2 are required to address this hypothesis.
Genome-wide expression analysis using an Affi metrix GeneChip has been carried out in both L. japonicus and M. truncatula for AM symbiosis ( Gomez et al. 2009 , Guether et al. 2009 ). These authors found that several genes which encode GRAS-domain transcription factors were up-regulated during AM symbiosis. One of them showed high similarity with AtSCL3, which is in a different subclade from that of NSP1 or NSP2 ( Heckmann et al. 2006 ) . It is likely that several GRAS proteins are involved in AM symbiosis, by analogy with RN symbiosis.
In contrast to OsNSP1/2, OsNLP1 did not complement the phenotype of nin mutant plants. Thus, NSP1/2 may be exceptional for the functional conservation in legumes and non-legumes. To pursue further how NSP1 and NSP2 are functionally conserved in higher plants, it is essential to investigate the function(s) of NSP1 and NSP2 other than in RN symbiosis. Although no expression of NSP1 and NSP2 was detected in rice, they are expressed in legume species with an enhancement in response to RN symbiosis. A post-genomic approach such as co-expression analysis is a promising way to reveal further functions of NSP1 and NSP2. or OsNSP2 genomic sequence were constructed by amplifi cation of the corresponding coding region with two rounds of PCR, followed by introduction of the PCR products into pDONR/Zeo (Invitrogen) via the Gateway BP reaction (Invitrogen). The resulting entry clones were converted with the Gateway-compatible destination vectors of p35S:GFP-gw, which was the modifi ed vector of p35S:GFP ( Yano et al. 2008 ) encoding 35S:GFP as a selection marker and a Gateway reading frame cassette RfC.1. The constructs 35S:LjNSP1 , 35S:LjNSP2 , 35S:OsNSP1 and 35S:OsNSP2 were transformed into the corresponding L. japonicus mutants, nsp1 or nsp2 , by hairy root transformation with A. rhizogenes LBA1334 as described by Díaz et al. (2005) .
Materials and Methods
Plasmid construction and transformation of L. japonicus mutants
The ProNIN-DC-NINter destination vector was constructed as follows. NIN promoter and terminator regions were amplifi ed by PCR using Gifu B-219 genomic DNA as template. The PCR-amplifi ed destination cassette was inserted between the Nhe I and Pst I sites of the pCR-Blunt vector (Invitrogen) in which the NIN promoter region was cloned. The DNA fragment containing the NIN promoter and the destination cassette was amplifi ed by PCR and inserted between the Sac I and Kpn I sites of a binary vector, pHKN29r ( Yano et al. 2008 ) , and then the NIN terminator was inserted into a Kpn I site of the binary vector containing the NIN promoter and the destination cassette. Entry clones carrying NIN and OsNLP1 cDNA were constructed by PCR amplifi cation of the corresponding coding regions and insertion into pENTR1A (Invitrogen). NIN or OsNLP1 cDNAs in the entry clones was transferred into ProNIN-DC-NINter by a Gateway LR reaction. Transformation was carried out as above.
The primers used here are listed in Supplementary Table S1 .
Complementation analyses
To examine the extent of infection of rhizobia, plants with green fl uorescent protein (GFP)-positive hairy roots were transplanted in vermiculite pots supplied with the 1/2 strength B&D medium ( Broughton and Dilworth 1971 ) supplemented with 0.5 mM ammonium nitrate. Three days after transplantation, DsRed-labeled M. loti was inoculated. The plants were grown in a growth cabinet with a 16 h day/8 h night cycle at 24 ° C. Fluorescence from roots and nodules was detected with a stereomicroscope (SZX12, Olympus). For observation of infection threads, samples were analyzed under an epifl uorescence microscope (BZ-9000, Keyence) using a fi lter set (excitation BP560-600, dichroic 595, emission BP630-690).
For light and electron microscopy, nodule samples were processed according to the protocols described by Siddique and Bal (1992) and Kumagai et al. (2007) . Sections of nodules were observed under a bright-fi eld microscope (Leitz DMRB, Leica) with a CCD camera system (Penguin 600CL, Pixera). Ultrathin sections were observed under a transmission electron microscope (H-7100, Hitachi)
The acetylene reduction activity (ARA) of nodules was determined as described by Kouchi et al. (1991) and Kumagai et al. (2007) .
Computer analyses
Multiple alignments and calculation of amino acid sequence identities were performed using the default settings of Clustal W ( http://www.ebi.ac.uk/Tools/clustalw2/index.html ).
Supplementary data
Supplementary data are available at PCP online.
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